We performed high-level quantum chemical density functional theory calculations on negatively charged methanol clusters containing up to six monomers. The calculations suggest that there exist stable methanol cluster anions and that these anions are more stable than similar cluster anions of water. Linear hydrogen bonded methanol chains are observed to bind the excess electron on dipole bound states. The orientation and the size of the excess electron were characterized by the position of the center of mass and the radius of gyration of the highest occupied molecular orbital ͑HOMO͒. The electron occupies a large diffuse orbital concentrated outside the molecular frame in the molecular dipole direction. The tendencies of the dipole moments, the vertical electron detachment energies, and the size of the HOMOs all fit in the same cooperative trend, suggesting stronger interactions in larger anions. We also located stable cluster anions which can serve as model systems for the solvated electron in liquid methanol. Multiple O-H¯e Ϫ interactions with dominantly bond-oriented arrangement toward the solvated electron are probably strongly favored in the liquid phase for energetic reasons. Although the size of the excess electron is still significantly larger than expected from quantum molecular dynamics simulations, the general decreasing trend of the radius of gyration with increasing cluster size is reassuring. Similarly to the O-H¯e Ϫ interactions, we located C-H¯e Ϫ interactions between appropriately oriented methyl hydrogens and the excess electron in a large anion of six methanol molecules. We propose the interactions of both the hydroxyl hydrogens and the methyl hydrogens with the excess electron to be considered hydrogen bonds.
I. INTRODUCTION
The existence of the solvated electron as an individual species has been the focus of many experimentalists and theoreticians since the original observation of Weyl in 1864 and since the postulation of the species. 1, 2 More recently, a long series of experimental studies has been devoted to the investigations of the structural and dynamical properties of excess electrons in various solvents. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Quantitative theoretical investigations into the solvated electron problem became feasible after the development of powerful computers and efficient numerical program packages to solve the Schrö-dinger equation for the given problem. Among the theoretical methods, recently developed quantum-classical molecular dynamics techniques [13] [14] [15] were successfully employed for the detailed characterization of various features of an excess electron in water and methanol baths. [16] [17] [18] [19] [20] [21] [22] Besides the molecular dynamics approach, traditional quantum chemical methods provide additional insight into the energetics and the structure of smaller negatively charged molecular clusters. Although these clusters can be strikingly different from the solvated electron system in real liquids, it is important to recognize that the implications of the results of the quantum chemical approach can be very useful for predicting and understanding the properties of larger systems.
Since the early '70s, a number of molecular orbital studies have appeared in the literature ͑mostly on water cluster anions͒, several of them based upon the implicit assumption of the cavity model of the solvated electron. [23] [24] [25] Although there have been interesting alternative reasonings and calculations, [26] [27] [28] the cavity model became, and still is, widely accepted for the description of the solvated electron in polar solvents. More recently, high-level quantum chemical calculations were performed on negatively charged water clusters, including large basis set ab initio calculations employing the second-order Moeller-Plesset perturbation theory ͑MP2͒ and the density functional theory ͑DFT͒. [29] [30] [31] It appeared that, while the negatively charged water trimer forms a dipole-bound anion, 29 the HOMO electron density of a specially oriented hexamer anion seems to localize in a well-defined spatial region surrounded by the solvent molecules. 30, 31 Since the hexamer calculations did not implicitly evoke the cavity model ͑for example, by placing extra functions into the inferred cavity͒, the localization of the HOMO electron density is in gratifying accord with the cavity model. As a further interesting aspect, it was found both theoretically 30, 31 and experimentally 32 that the dangling hydrogens point toward the localized electron, thus forming O-H¯e Ϫ hydrogen-bonding interactions. Ab initio calculations on anion clusters of other polar solvents are rare in the literature. Recent experimental 7, 8 and theoretical [20] [21] [22] interest toward electron solvation in methanol and recent studies on small water cluster anions, [29] [30] [31] however, render it essential to investigate the closely related system, the negatively charged methanol clusters.
From this consideration in the present study, we examine the negatively charged (CH 3 [33] [34] [35] and theoretical investigations [36] [37] [38] illustrated the role C-H¯O hydrogen bonds may play in contributing to the stabilization of larger molecular clusters, crystals. As an analogy to the O-H¯e Ϫ interactions found in negatively charged water clusters, 30, 31 and ͑as we shall see͒ in methanol cluster anions, we consider the possibility of the formation of C-H¯e Ϫ interactions between the methyl hydrogens and the excess negative charge. The present investigation may also take us closer to answering the long-standing issue dating back to the electron spin resonance ͑ESR͒ measurements of Kevan et al. concerning the orientation of the methanol molecules around the solvated electron. 11, 12 Are the methanol molecules dominantly O-H bond directed or dipole oriented toward the solvated electron?
II. METHODS
We performed high-level ab initio calculations using the density functional theory ͑DFT͒ employing the B3-LYP functional. 39 The negatively charged clusters were completely optimized in all degrees of freedom at the B3-LYP/6-31ϩϩG(d, p) level ͑basis set 1͒. Further calculations were carried out on the optimized structures with the 6-31ϩϩG(d,p) basis augmented with one extra set of diffuse functions on the hydrogens for all considered species ͑basis set 2͒ and with one set of diffuse functions on all atoms for all dimers and trimers ͑basis set 3͒. 40 The vertical electron detachment energy is calculated as the difference between the energy of the negatively charged cluster and the energy of the corresponding neutral structure in the geometry of the charged species. The calculations were performed using the GAUSSIAN94 program package.
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III. RESULTS AND DISCUSSION
A. Dipole bound anions: Dimer, trimer, and tetramer anions Figure 1 shows the molecular structures considered in the present work. The corresponding total energies and vertical electron detachment energies ͑VDE͒ are collected in Table I . Although almost all the hydrogen-bonded dimer, trimer, and tetramer structures studied in the present work ͑I-IV͒ were found to be unstable in terms of the vertical detachment energy with the original 6-31ϩϩG(d, p) basis set, addition of extra diffuse functions completely reverses the tendency: all examined structures bind the excess electron with positive VDEs. Let us first examine the open chain structures. The dimer binds the electron by 59 meV, the trimer by 154 meV, while the tetramer VDE is even larger, 235 meV calculated with basis 2. The results are not significantly different, although a little higher ͑75 and 162 meV for the dimer and trimer anions, respectively͒, with the largest set adding diffuse functions on the heavy atoms as well. These molecular cluster anions are representative examples of the dipole bound anions.
To assess the reliability of our single-point calculations with basis set 2 on the structures optimized with basis set 1, we performed a complete geometry optimization for the neutral dimer and for the dimer anion with basis set 2. We found that the adiabatic electron affinity of the neutral methanol dimer, although a very small quantity, is negative ͑Ϫ32 meV͒. Correspondingly, the vertical electron detachment energy becomes slightly larger in absolute value by the relaxation energy of the neutral dimer giving 54 meV. This value is in very good agreement with the corresponding single- point calculations for the 6-31ϩϩG(d, p) optimized structures employing extra diffuse functions on the hydrogens ͑see Table I͒ .
Before going into specific examination regarding the geometry of the dimeric species, a word of caution is necessary at this point. It is widely realized that the hydrogen-bonded structures usually have a very flat potential surface, the structures being floppy with respect to the intermolecular vibrations. The original 6-31ϩϩG(d, p) optimized anion structure, thus, may happen to differ dramatically from that calculated with the more flexible set ͑basis 2͒ applied in the single-point calculations. Fortunately this is not the case, since the basic geometric features of the dimer anions are in good agreement when optimized with both basis sets ͑basis sets 1 and 2͒. Consequently, we think, the approach followed in the present study employing single-point calculations with larger basis sets on the structures optimized with a smaller set seems to be reliable enough for our purposes.
Returning to the structural analysis, we observed that the hydrogen-bonding arrangement of the optimized methanol dimer anion changes significantly relative to the neutral dimer. In particular, the trans-linear hydrogen-bonding preference of the neutral dimer turns to cis-linear hydrogenbonded orientation in the anion. As one of the consequences, for example, the methyl groups get significantly closer to each other in the anion. Similarities of these results to those for the water dimer anion 42 are apparent. The neutral methanol dimer with its relatively large dipole moment ͑2.99 D with basis 2͒ is an ideal candidate to bind an excess negative charge. The excess electron is located on a large diffuse orbital in the dipole moment direction ͑Fig. 2͒. Although it is generally of limited use, Mulliken population analysis is instructive in this case, indicating significant increase of the negative charge on the free OH hydrogen and the methyl protons of the same molecule. The increased charge density around the methyl group of the OH terminal molecule may play an important role in the preference of the dimer anion toward the cis-linear hydrogen-bonding orientation. Nevertheless, the center of mass of the highest occupied molecular orbital ͑occupied by the excess electron͒ is located well outside the molecular frame. The distance of the center of mass of the electron to the nonhydrogen-bonding hydroxyl hydrogen is 2.15 Å, while the electron and the closest methyl proton are 1.87 Å apart. The corresponding H-O¯e Ϫ and C-O¯e Ϫ angles ͑49.7 and 59.9 degrees, respectively͒, are indicative of the approximate dipole orientation of the excess charge. The size of the HOMO characterized by its radius of gyration, ͉͗r 2 ͉͘ 1/2 , is quite large, approximately 6.3 Å. Consequently, the HOMO basically buries the dimer itself.
Examination of the trimer anions points to other interesting aspects of the problem. We added an excess electron to two different neutral trimers. The first neutral structure, II, is an open chain, while the other one ͑III͒ is cyclic, with all methyl groups pointing to the same direction relative to the plane of the three oxygen atoms ͑the second-most stable configuration of the neutral trimer hypersurface͒. Although in geometry optimization a neutral trimer chain would collapse to a cyclic structure, the anion has a true local minimum in the chain arrangement. We suggest, consequently, that unlike the neutral trimer species having only two stable cyclic configurations, 43 the trimer anion possesses ͑at least͒ one cyclic and one chain minima on the potential energy surface. Total energy of the anionic species.
Of the two minima, the open chain anion with only two hydrogen bonds becomes very similar in stability to the cyclic anion having three hydrogen bonds. Thus, the VDE of the chain trimer anion should be larger by about the energy of a hydrogen bond than that of the cyclic trimer ͑154 vs 21 meV, and 162 vs 33 meV with basis sets 2 and 3, respectively, the difference being about 3 kcal/mol͒. In both species, the excess electron is found on a similar diffuse orbital, as we have seen for the dimer anion ͑see Fig. 2͒ . In the chain trimer, II, however, the electron can be more effectively attached to the field of the molecular dipole moment. Inspection of the dipole moments supports this conclusion. The substantially larger dipole moment of the neutral chain trimer in the geometry of the anion is more likely to provide the energetically more favorable possibility for forming a dipole bound anion. Nevertheless, due to the significantly larger dipole moment of the neutral, cyclic methanol trimer ͑2.79 D with basis 1͒ as compared to the similar water trimer, III is also able to bind the excess electron ͑Fig. 3͒ on a dipole bound state. This is not the case for the cyclic water trimer. 29 As a more general observation regarding the dipole moments, we found that for the dimer and the cyclic trimer anions ͑these structures have corresponding neutral minima͒ the dipole moment of the neutral species in the anion's geometry is enhanced relative to the optimized neutral species. This indicates that while the formation of a dipole bound anion requires sufficiently large dipole moment of the neutral molecule, the formation of the dipole bound anion induces such structural changes in the molecule which, in turn, increase the dipole moment. We would also like to point out that in the cyclic trimer anion ͑III͒ the diffuse HOMO is concentrated on the methyl side of the molecule ͑Fig. 3͒. This aspect will be important to rationalize the properties of a larger negatively charged methanol cluster, VI.
We have seen previously that the VDE increases substantially going from the dimer to the chain trimer. The tendency also continues for the chain tetramer anion ͑IV͒, the VDE becoming significantly larger ͑235 meV with basis 2͒ than for the dimer or the trimers. The observed cooperative behavior is clearly manifest in the decreasing radius of gyration of the HOMO. The radius of gyration of the excess electron ͑HOMO͒ changes from 6.3 Å ͑dimer͒, through 6.2 Å ͑trimer͒, to 5.9 Å ͑tetramer͒. The increasing kinetic energy of the HOMO, due to the smaller spatial extent of the electron, must therefore be balanced by the decreasing potential energy leading to the overall increase in the stability of the larger aggregates. The relative position of the center of mass of the electron to the molecular frame reflects the observed tendency of the stability of the dipole bound methanol anions by a gradual shift toward the hydroxyl hydrogen, decreasing the electron-hydrogen distance ͑2.15, 1.84, and 1.70 Å for the dimer, trimer, and tetramer, respectively͒. The stronger electron-molecule interaction in IV ͑indicated by the increased vertical detachment energy and the shrunken electronic distribution͒ is in perfect accordance with the increasing dipole moments ͑for example, 6.14 D in the trimer, 8 .49 D in the tetramer with basis 2 for the neutral chain in the optimized anion's geometry͒. From the viewpoint of the structure, the large dipole moment is the result of a particular, optimal arrangement of the hydrogen-bonded monomers. One has to recognize in this context, however, that due to the existence of diastereomeric methanol chains, the aboveobserved hydrogen-bonding patterns with their particular local hydrogen-bonding configurations may not be the only possibilities to form stable dipole bound anions.
B. Alternative tetramer and hexamer anions
Our goal in this section is to find and examine further alternative methanol cluster anions which possibly can serve as simplified model systems for the solvated electron in methanol. To do this, following similar lines as in the previous section, we chose a negatively charged methanol tetramer ͑V͒ and a hexamer ͑VI͒.
Tetramer V differs basically from the chain tetramer anion ͑IV͒ inspected above. V represents a model system of methanol clusters with more than one electron-molecule interactions. This type of system can be considered to model the hypothetical arrangement of the solvent molecules around a localized solvated electron in a solvent cavity. In V, we place two dimers in a special orientation facing the same excess electron with their free ͑nonhydrogen-bonding͒ hydroxyl groups. Not surprisingly, after completely optimizing the structure, the VDE points to the existence of a stable species. The two free hydroxyl hydrogens not participating in conventional hydrogen bonds turn toward the center of mass of the electron favoring OH bond-oriented arrangement. The above observed orientation strongly resembles that found in a water hexamer anion by Kim et al. 31 Based on the structural and energetic similarities to the water anion case, we propose that the O-H¯e Ϫ interactions of V be considered hydrogen bonds. The approximately 400 meV vertical detachment energy turns out to be significantly larger than the VDE of the dipole bound tetramer anion, IV. More interestingly, this VDE is more than six times larger than the corresponding value for the dipole bound methanol dimer anion. One may thus conclude that multiple O-H¯e Ϫ interactions are strongly favored energetically in negatively charged methanol clusters. The species is also observed to be stable relative to two noninteracting neutral dimers and a free electron by about 4.0 kcal/mol. The 4.0 kcal/mol interaction energy for two O-H¯e Ϫ interactions of V indicates a roughly 2 kcal/mol/interaction stabilization energy.
The radius of the electron also shrinks more than 1 Å to just under 5.0 Å in V compared to the dimer, I, or tetramer, IV. This suggests that the size of the HOMO and the stability of the anion clusters are correlated; stronger binding of the excess electron manifests itself in more compact HOMO electronic distribution. Although the HOMO of V is still significantly larger than the radius of gyration of the groundstate solvated electron in methanol ͑2.5 Å͒ calculated from mixed quantum-classical molecular dynamics simulations, 21, 22 the tendency is encouraging. Addition of further methanol molecules interacting with the excess electron with their free OH groups may be expected to further decrease the size of the electron. The molecular clusters considered in the present work and, in general, those affordable in quantum chemical calculations are by no means sufficient to model the real interactions in the liquid phase. On the other hand, it should be kept in mind that in mixed quantumclassical simulations the methanol molecules are treated completely classically. Thus, for the excess charge there are no available orbitals on the solvent molecules. This effect may artifactually decrease the size of the electron in the mixed quantum-classical treatment.
It is noteworthy that the original diffuse functions of larger coefficients of basis 1 are seemingly sufficient to capture the basic features of the HOMO for V ͑e.g., the VDE, see Table I͒ , whereas this is not the case for the other anions where application of extra functions of smaller coefficients ͑see basis sets 2 and 3͒ is necessary. The fact that the VDE of V is reasonably well predicted with the otherwise inferior basis set 1 is evidently the consequence of the sizable decrease of the radius of gyration of the HOMO.
What is the situation with the C-H bonds? Can they participate in stabilizing the excess electron? Can they form C-H¯e Ϫ interactions in analogy to the C-H¯X (XϭO, N,...,) interactions? 33, 34 To address this question, we analyzed the structure and energetics of hexamer VI ͑see Fig. 1͒ . VI consists of two cyclic trimers with their methyl groups pointing to the same side of the plane of the oxygen atoms, while these ''dangling'' methyls between the trimers orient toward each other, practically, creating a cavity inside the cluster. VI is clearly analogous to one of the possible water hexamer anions studied recently, 30, 31 except that we replaced the dangling hydrogens with methyl groups. The calculated 183 meV VDE indicates that the methyl groups stabilize the free electron. The HOMO is a typical internal state similar to that found for water hexamer anions. Although significant electronic density is concentrated in this cavity, the radius of gyration of the electron is relatively large, 7.0 Å, indicating the more diffuse nature of the excess electron. As the most striking structural feature, one C-H bond of each methyl orients toward the center of mass of the HOMO surrounded by the six methyl groups ͑Fig. 4͒. From an energetic point of view, assuming the geometrical distortion of the trimers in the hexamer anion to be negligible relative to the optimized trimers, the 0.3 kcal/mol repulsion between the two neutral trimers in the hexamer anion is compensated by about 4.3 kcal/mol C-H¯e Ϫ attraction. The resulting approximately 0.7 kcal/mol/interaction C-H¯e Ϫ stabilization energy is somewhat weaker than that for the O-H¯e Ϫ bonds but comparable to such C-H¯O interactions as those calculated, for example, in formic acid, 44 acetic acid 45 and acetone. 46 Based on the strong resemblance to the C-H¯X (XϭO, N, F,...,) hydrogen bonds, we attribute the directionality of the methyl hydrogens and the stability of the anion to the presence of C-H¯e Ϫ interactions.
IV. CONCLUSIONS
In the present paper, we investigated the properties of various methanol cluster anions. As the first important result, similarly to water cluster anions, we found several stable dipole bound anions of the (CH 3 OH) n Ϫ complexes up to n ϭ4. Neutral molecules ͑and molecular clusters͒ are postulated to bind an excess electron on a very diffuse, dipole bound orbital if the dipole moment of the neutral parent is larger than 2.5 D. 42, 47, 48 This qualitative rule concerning the stability of the dipole bound anions definitely applies for methanol clusters. The size of the excess electron defined as the radius of gyration of the highest occupied molecular orbital is between 5.8 and 7.0 Å, indicating that the excess electron occupies a large, diffuse orbital. The gradually decreasing radius and the increasing VDE in larger clusters indicate cooperative behavior. The properties of the inspected methanol cluster anions parallel those for the negatively charged water clusters, the water dimer, 42 and trimer 29 anions. As illustrated above in the example of the cyclic methanol trimer anion, the larger dipole moment of the neutral methanol clusters relative to the water clusters is consistent with the larger electron detachment energy and with the enhanced dipole bound character of the examined species. However, it remains a challenging problem to comprehend in quantitative detail why and how this negative charge-dipole moment coupling takes place in methanol ͑and in water͒ clusters in quantum chemical terminology, an issue which will be further investigated in the near future. We also located two stable methanol cluster anions with more than one O-H¯e Ϫ or C-H¯e Ϫ interactions. These structures can be regarded as models of small size for the cavity-forming arrangement of the solvent molecules anticipated to be potentially important in the description of the solvated electron. The estimated strength for the individual O-H¯e Ϫ and C-H¯e Ϫ interactions were found to be about 2 and 0.7 kcal/mol, respectively. The interaction energy and directionality of the appropriate bonds to the corresponding HOMOs may allow one to postulate the abovementioned interactions as weak hydrogen bonds to the excess electron. It is interesting that while the O-H¯e Ϫ interactions are weaker than the O-H¯O hydrogen bonds, the stabilization of the C-H¯e Ϫ bonds is comparable to the hydrogen-bonding strength of several C-H¯O stabilized species. Nonetheless, the magnitude of the VDEs suggests that the strongly polar OH bonds are more likely to stabilize the free electron in methanol than the methyl groups. Furthermore, the present study also predicts that multiple O-H¯e Ϫ hydrogen bonds to an electron are more stable than the corresponding individual O-H¯e Ϫ interactions. A similar cooperative effect is observed for water hexamer anions, the electron density favoring clustered dangling hydrogen atoms. 31 Nevertheless, the participation of the C-H¯e Ϫ interactions in stabilizing the solvated electron should not be ruled out solely on the basis of the present simple arguments formulated for very small clusters. The two different interactions, namely the O-H¯e Ϫ and the C-H¯e Ϫ interactions, lead to different molecular orientations toward the solvated electron as in V or VI. The implications of the molecular directionality are important for condensed phases as well. Molecular dynamics simulations of a solvated electron in liquid methanol by Zhu and Cukier predicted different molecule-electron orientations depending on the specific form of the methanol-electron pseudopotential. 20 A small modification in the methylelectron terms of the exchange part of the pseudopotential alters the OH bond directionality of the methanol molecules to molecular dipole orientation toward the solvated electron. The picture is further complicated by the application of a three-site classical methanol model in the simulations which prevents the possibility of the formation of ''real'' C-H¯e Ϫ hydrogen bonds. Thus, in the first step, the use of an all-interaction site model would be necessary in the simulations to receive more reliable structural data of the solvated electron system.
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